Patterning of the Drosophila embryo requires not only the proper activation of determinants at specific times, but also their restriction to specific places. Recent studies on transcriptional repressors show how they delimit the gene expression patterns to ensure normal development.
Mechanisms of repression
An increasing amount of evidence suggests that transcriptional repression is used to control many different cellular processes [2] . Some transcriptional repressors interact directly with, and titrate, activators without binding to DNA; this mechanism of repression is termed 'squelching'. Many other transcriptional repressors, particularly those that are discussed in this article, are sequence-specific DNA-binding proteins that recognize regulatory sequences in gene promoters [2, 3] ; these repressors can exert their repression in several different ways. First is competitive binding, by which the DNA-bound repressor excludes the binding of an upstream activator or the transcription initiation complex because of overlapping target sequences or steric hindrance. This mechanism requires strict spacing of the target sequences or a very precise relative orientation of the activator and the repressor. Second is 'quenching', by which the repressor, when bound next to an activator site, prevents the activator from contacting the initiation complex. This mechanism usually requires a specific interaction between the repressor and the activator, and is sometimes called 'short-range repression'. Third is direct repression, by which the repressor blocks the initiation complex directly. This usually leads to the repression of the entire promoter -eliminating both basal and activated transcription -and is therefore sometimes termed 'silencing'.
Repressors and corepressors
The Dorsal protein is intrinsically an activator but, when it binds to certain promoters, such as the zerknüllt upstream element, it becomes a repressor ( Fig. 1) . What causes this change? Dorsal probably interacts with neighboring factors -corepressors -and the resulting complex turns into a long-range silencer. The molecular nature of these Dorsal corepressors is unknown, although one good candidate is the Dorsal switch protein (DSP1), identified in a yeast screen specifically designed to isolate such corepressors [4] . DSP1 contains two domains called high-mobility group (HMG) boxes and, in HeLa cells, it can convert both Dorsal and NF-B into repressors. Recent experiments have indicated that DSP1 can also suppress the stimulated transcription induced by other activators, and that such repression depends on the presence of at least one HMG-box [5] . DSP1 can interact with the TATA-binding protein (TBP), and preferentially disrupts the formation of the complex between TBP and TFIIA [5] . A plausible in vivo mechanism is that the promoter-bound Dorsal recruits DSP1 and together they directly repress transcription. An alternative possibility is that Dorsal interacts with TBP [6] , forming a productive (activating) complex in the presence of TFIIA, but that, when DSP1 binds next to Dorsal, TFIIA is excluded from the initiation complex. The Dorsal-TBP interaction then becomes non-productive, thereby silencing the promoter. It is noteworthy that the transcription factor NTF-1/Elf-1, which makes contact with the zerknüllt and decapentaplegic silencer elements, is also a potential corepressor of Dorsal [7] .
Snail is another transcriptional repressor involved in the dorsal-ventral developmental pathway. The snail gene is activated by Dorsal and the protein is expressed in a sharp on-off pattern that covers the ventral nuclei. Snail represses neuroectodermal genes, such as rhomboid, by binding directly to their promoters [8] , setting up the boundary between mesoderm and neuroectoderm (Fig. 1) . The Snail protein represents a classical DNA-binding repressor that does not seem to require any corepressor, as moving the Snail-binding sites along the promoter does not affect the outcome [9] . Furthermore, the repression domain within Snail is separable from its zinc-finger DNA-binding domain, because, when fused with the Gal4 DNA-binding domain, the amino-terminal portion of Snail is still able to repress transcription [9] .
Interestingly, Snail can act through different molecular mechanisms. One of the authentic Snail-binding sites on the rhomboid promoter is also recognized by the basic helix-loop-helix (bHLH) protein Twist, a transcriptional activator. Indeed, the consensus Snail-binding site (CACCTG) resembles that for bHLH proteins. In principle, therefore, Snail can compete directly with the activators for target sites. It has also been shown that moving the Snail-binding sites around still allows them to render repression, as long as they are still within 100 base pairs of the activator sites. This suggests that Snail can repress by a quenching mechanism. Moreover, if the binding sequences are placed near the transcription start site, Snail can directly repress the transcription initiation complex [9] . With such built-in flexibility, Snail is a powerful repressor that can block different types of transcriptional activation.
Many segmentation genes in Drosophila, such as hairy, evenskipped (eve), and fushi tarazu (ftz), are expressed as stripes in the embryo. The processes that generate these repeated patterns are promoter-dependent. Genetic and molecular analyses showed that the anterior and posterior borders of eve stripe 2 are defined by the transcriptional repressors Giant and Krüppel (Kr), respectively [10] , and the anterior border of hairy stripe 6 is similarly positioned by Kr [11] (Fig. 1) . Kr contains a zinc-finger DNA-binding domain and can bind to target promoters. Tissue culture experiments showed that Kr can repress transcription; there is also evidence that different concentrations of Kr dictate whether the protein becomes an activator or a repressor [12] . The patterns observed in the embryo suggest a short-ranged quenching mechanism for Kr, so that it only represses eve stripe 2 but not stripe 3, and hairy stripe 6 but not stripe 5. On the other hand, when brought close to a promoter, Kr can interact with TFIIE␤, which may result in direct repression [12] . This is reminiscent of the action of Snail, in that both proteins can act through different mechanisms depending on the relative positions of binding sites on the promoter.
While some stripes in the early embryo are regulated individually, the expression of all seven ftz stripes is mostly controlled by the so-called 'zebra' element located within the proximal promoter region [13] . The ftz stripes interdigitate with that of hairy, and Hairy has been shown to be a genetic repressor of ftz. Although the Hairy protein contains a bHLH DNA-binding motif, and has been shown to bind to the repression element of the proneural gene achaete and block its expression [14, 15] , no direct evidence has been obtained to show that Hairy interacts with repression sequences within the zebra element. Hairy may repress ftz indirectly, or the binding sites on ftz promoter that mediate Hairy repression may be distinct from other bHLH-binding sites [14, 15] .
A series of recent experiments has shown that Hairy can, indeed, directly regulate ftz expression [16] . When the Hairy repression domain was experimentally replaced by an activation domain, Hairy was transformed into an activator of ftz. This activation depended on the presence of Hariy's basic DNA-binding region, suggesting that Hairy regulates ftz -in the case of the wild-type protein the result is repression -by binding to the promoter. Although the exact mechanism of repression remains elusive, the interaction of Hairy with other cofactors is possible, as mutants that lack the basic region have a weak antimorphic phenotype (that is, they interfere with the endogenous, wild-type protein) [16] . Along that line, it has Dispatch R217 Figure 1 The patterning of the early Drosophila embryo requires various transcriptional repressors. The Dorsal protein, when it interacts with corepressors, restricts the expression of zerknüllt to the upper half of the embryo. Snail is a mesoderm determinant, and functions by repressing neuroectodermal genes such as rhomboid. The bottom embryo depicts the borders of some pair-rule stripes that are defined by the Krüppel repressor. been shown that Hairy recruits the Groucho corepressor to block proneural gene expression [17, 18] .
Repression modules
Transcriptional activation domains have been extensively studied and can be broadly classified into discrete families such as acidic, glutamine-rich and proline-rich, but only a few functional motifs of repressors have been characterized. In many of the repressors studied, including Engrailed, Eve, Kr and Snail, the transcriptional repression domains are distinct and separable from the DNA-binding domain and confer repression function when fused with a heterologous DNA-binding protein [19] . A number of these repression modules are alanine-rich, although the alanine residues do not always seem to be critical for the repression function [19] .
Another emerging feature seems to be that repression domains are proline-rich. Indeed, an artificial proline-rich domain can confer repressor activity when fused with a truncated Eve protein. In the case of DSP1, its repressing activity requires the HMG-boxes, which are also needed for it to interact with TBP and are likely to be used for DNA binding. For Hairy, the regions necessary for repression have been mapped to the Orange domain and the carboxyterminal WRPW motif [17, 18] . These two domains seem to interact with different cofactors, as they are independently required to repress separate sets of genes. A focus of future research will be to understand exactly how these different repression domains contact activators or the initiation complex and confer the negative effects.
